It has long been recognized that when plants are grown under a particular set of conditions they adjust their photosynthetic capacity to match those conditions (for review, see Walters, 2005) . For example, early work from Bjorkman and Holmgren (1963) showed that plants of Solidago virgaurea had different photosynthetic capacities when grown either in sun or shade. In spite of its long history, however, neither the mechanism nor the significance of this response is understood (Walters, 2005) . Work from Murchie and Horton (1997) showed that there is substantial variation between species in their ability to acclimate, with plants from semishaded habitats having the greatest variation in photosynthetic capacity, suggesting that there is both a benefit and cost of acclimation. Neither benefit nor cost has been demonstrated.
Photosynthetic acclimation can be observed at levels ranging from whole-plant morphology to the detailed stoichiometry of the photosynthetic apparatus (Boardman, 1977; Walters, 2005) . Plants grown at low light tend to invest more in leaves than in roots and to have thinner leaves. They have more chlorophyll-containing light-harvesting proteins relative to light-using enzymes involved in electron transport and metabolism, meaning that photosynthesis saturates with light at a lower irradiance. Plants can also adjust the relative proportions of the different photosystems to suit the light quality they experience (Chow et al., 1990; Walters and Horton, 1995a, 1995b) .
Most studies that have examined the acclimation of plants have done so by making measurements on material that has experienced only one set of conditionse.g. either high or low light. Differences between plants therefore reflect the conditions experienced as the leaves develop, with leaf morphology and composition being optimized for the conditions seen. Plants do not, however, exist in static environments. Even for a plant growing in an unshaded location, the light incident on a leaf can vary by an order of magnitude from second to second, day to day, and week to week depending on the weather conditions. This variation will typically be accompanied by variation in the temperature, which will also impact on metabolic capacity.
When plants are exposed to light at irradiances that are above saturating for photosynthesis, which may result from increases in light or from environmental conditions (e.g. cold, drought) restricting metabolism, they are liable to suffer from stress (Demmig-Adams and Adams, 1992). Specifically, excess light can give rise to reactive oxygen species (Asada, 2006) . The damaging effects of this can be limited by investing in antioxidant systems; however, these are metabolically expensive with, for example, substantial amounts of individual antioxidants such as ascorbic acid, being found in the chloroplast (Asada, 2006) . It seems likely therefore that the ability of a plant to minimize stress, by adjusting photosynthetic capacity to suit as well as possible the prevailing conditions, will benefit the plant and increase overall fitness.
In this study, we have investigated photosynthetic acclimation of the model plant Arabidopsis (Arabidopsis thaliana). Starting with a microarray analysis, we have identified a gene that is essential for acclimation to increases in irradiance. We further show that the ability to acclimate to changes in light has a major role in determining fitness under naturally variable light conditions.
RESULTS
Transfer from Low to High Light Results in Photosynthetic Acclimation in Some, But Not All, Accessions of Arabidopsis Plants of eight accessions of Arabidopsis were grown from seed under controlled conditions, at an irradiance of 100 mmol m 22 s 21 white light on an 8-h d for 8 weeks. Under these growth conditions, Arabidopsis, a shortday plant, forms a mature rosette of leaves before flowering. Mature plants were transferred from 100 to 400 mmol m 22 s 21 and, after 9 d, their photosynthetic capacity measured under conditions of high light and CO 2 (Fig. 1A) . There was significant variation seen in the ability of different accessions to acclimate to the increase in light. For example, while the Wassilewskija-2 (Ws-2) accession increased its photosynthetic capacity by approximately 40%, no significant increase was seen in Columbia-0 (Col-0). Variation was seen not only among the widely used laboratory strains (Ws, Col, Landsberg erecta) but also in accessions that might be regarded as true wild-type plants.
The dynamics of acclimation were examined in more detail in the accession Ws. Previous work on Ws has shown that growth from seed under a range of different irradiances results in clear developmental acclimation of photosynthesis, with different responses being seen in different irradiance ranges (Bailey et al., 2001 ). Yin and Johnson (2000) observed dynamic acclimation in Ws. When plants of Ws were transferred from 100 to 400 mmol m 22 s
21
, there was a small (approximately 10%) increase in photosynthetic capacity within the first photoperiod; however, this difference was no longer apparent by the following day (Fig. 1B) . A second photoperiod at the higher irradiance resulted in a similar difference in photosynthetic capacity; however, this was not reversed overnight. From the 3rd to the 6th d at light there was a steady increase in the photosynthetic capacity of the plants, reaching a value approx- imately 40% higher than the control after a week at high light. Examination of the irradiance sensitivity of photosynthesis showed that while the maximum photosynthetic capacity of plants had increased after 9 d at high light, the rate of photosynthesis under light-limiting conditions was not significantly changed (Fig. 1C) . Measurements of leaf chlorophyll content showed that while the total chlorophyll per unit area did not change during acclimation, the ratio of chlorophyll a/b was slightly, but significantly, altered (Table I ). The changes in chlorophyll seen were similar to those observed by Bailey et al. (2004) under conditions of developmental acclimation.
Dynamic Acclimation to Increased Irradiance Requires the Expression of a Glc-6-P/Phosphate Translocator GPT2 Data in Figure 1B suggest that events occurring on the first and subsequent days of acclimation to high light are distinct. We performed a microarray analysis on leaf material taken from plants exposed to 400 mmol m 22 s 21 for 4 h on the 1st and 3rd d of acclimation. On the 1st d of acclimation, a total of 666 genes were found to have expression that was altered significantly relative to the control ($2-fold up-or down-regulated; P , 0.01; mean expression level greater than 100 in at least one condition). Of these, 315 genes were up-regulated, 351 repressed. By day 3, 285 genes had significantly altered expression levels, only 59 up-regulated. Of the genes with altered expression on day 1, 210 were also altered on day 3. The most up-and down-regulated genes observed are listed in Table II , a full list is available in the supporting information (Supplemental Table S1 ). The most up-regulated gene on day 1 of acclimation was At1g61800, encoding a Glc-6-P/phosphate translocator, GPT2. Previous work on the GPT2 gene product has shown it to be able to translocate a range of sugar phosphates in exchange for phosphate with similar efficiency (Knappe et al., 2003) ; however, a study examining GPT2 knockout plants in a Col background was unable to identify a specific function for this gene (Niewiadomski et al., 2005) .
Expression of GPT2 was examined in more detail using quantitative reverse transcription (RT)-PCR ( Fig.  2A) . Expression was seen to rise rapidly following exposure of plants to high light-transcript levels were greater than control within 2 h of transfer to high light and continued to rise throughout the photoperiod. Transcript levels fell during the dark period but rose again in the second photoperiod. There was an overall trend for GPT2 transcript levels to fall as acclimation progressed, these reaching a steady value after the 3rd d at high light, which was, however, significantly greater than the control.
Examination of the Versailles INRA collection of T-DNA insertion mutants (Bechtold et al., 1993; Bouchez et al., 1993) , which are in a Ws background, lead to the identification of a line, FLAG_326E03, with a T-DNA insertion in the GPT2 gene. Homozygote plants carrying this insertion were verified, using RT-PCR, to lack any detectable GPT2 transcript (Fig. 2B) . Plants of the gpt22 knockout mutant were then grown at 100 mmol m 22 s 21 before being exposed to 400 mmol m 22 s
, as before. At low light, the gpt22 mutant had a marginally higher photosynthetic capacity than did plants from the same seed stock identified as being homozygote for the wild-type gene. When gpt22 plants were transferred to high light, they did not undergo acclimation of photosynthesis (Fig. 2C ). To confirm that this phenotype was due to the GPT2 gene, mutant plants were complemented with a copy of the gene under the control of its own promoter; this restored acclimation (Fig. 2D ). It is concluded therefore that GPT2 is essential for dynamic acclimation.
When plants were grown from seed at 400 mmol m 22 s 21 light, gpt22 had a significantly higher photosynthetic capacity than when grown at low light and did not differ significantly from wild type (Fig.  2D ). GPT2 is therefore not essential for developmental acclimation, implying that the signaling pathways for developmental and dynamic acclimation are distinct.
Dynamic Acclimation Increases Fitness under Naturally Variable Growth Conditions
Previous work on GPT2 has failed to identify any specific role for this protein (Niewiadomski et al., 2005) . It functions in vitro to transport both Glc-6-P and triose-P in exchange for phosphate (Knappe et al., 2003) . Reported expression levels have typically been low, though it has been identified as being up-regulated in response to sugar feeding (Gonzali et al., 2006; Li et al., 2006) and during leaf senescence (Pourtau et al., 2006) . In the Col-0 ecotype, which is unable to acclimate dynamically but which expresses the GPT2 gene, it was reported that gpt22 mutants grow normally (Niewiadomski et al., 2005) . To determine whether this is also the case in a Ws background, we examined the (Fig. 3B) ; however, in both seasons, the gpt22 plants flowered slightly sooner than the Ws wild type (Fig. 3C) . In controlled-environment conditions gpt22 flowered after Ws wild type. Col flowered later than either Ws or gpt22 in all conditions. Under greenhouse conditions, seed production was found to be significantly lower in all lines in the 2007 to 2008 winter than in 2008 to 2009 (Fig. 3A) . In both years, the gpt22 plants had significantly lower seed production than Ws wild type, with Col having lower seed output still (Fig. 3A) . These data suggest that seed production in both Ws lacking gpt22 and in Col, which has an expressed GPT2 gene but lacks acclimation, is compromised by the failure to acclimate.
In addition to examining the seed output, we also examined the germination of the seed produced (Fig.  3D) . Seeds originating from plants grown in the laboratory germinated readily after 2 d preincubation at 4°C, with no significant difference being seen between Ws wild type and the gpt22 knockout. In plants grown in the greenhouse, seed germination was substantially and significantly lower in Col and gpt22.
DISCUSSION
Although the concept of photosynthetic acclimation has been known for over 40 years, our understanding of the processes involved remains sparse. Although often referred to as a single simple concept, photosynthetic acclimation involves multiple processes that are, to a greater or lesser extent, distinct. Both light quality and quantity control leaf and chloroplast development and it is clear that these effects are independent (Walters and Horton, 1995a, 1995b) . As has been previously noted (Piippo et al., 2006) responses to increases in light need to be distinguished from the effects of extreme excess light liable to cause oxidative stress. In our study, conditions were selected that did not induce stress or, indeed oversaturate photosynthesis (Yin and Johnson, 2000) , and few commonly described stress-responsive genes were altered in expression (see Supplemental Table S1 ). Rather, we have focused specifically on dynamic changes in photosynthetic capacity to nonstressing irradiances. We have demonstrated that this response is distinct from developmental acclimation seen during leaf growth. Furthermore, we have shown that the ability to undergo dynamic acclimation is a major determinant of plant fitness under naturally fluctuating conditions, with seed production being more than 2-fold greater in plants able to acclimate. Given that the ability to acclimate has already been shown to be deficient in important crop species, including rice (Oryza sativa; Murchie et al., 2005) , this process may provide a route through which crop yield can be enhanced, especially in the context of changing weather patterns.
The observation that the GPT2 protein is required for dynamic photosynthetic acclimation is, to our knowledge, the first evidence for a specific function of this protein. Previous studies have shown that this gene is induced under conditions of sugar feeding and during sugar-induced senescence (Gonzali et al., 2006; Li et al., 2006; Pourtau et al., 2006) . In vitro evidence shows that this gene product is a functional sugar phosphate/phosphate translocator, with activity for triose-and hexose-Ps (Knappe et al., 2003) . It might be thought therefore that expression of this protein is necessary to allow high rates of carbon export during photosynthesis at high light; however, the observation that plants that develop at high light are able to achieve the same photosynthetic rate as wildtype plants tends to exclude such a general role. Also, the decline in transcript levels toward the end of the acclimation suggests that its major role is during the acclimation process itself, rather than for supporting steady-state photosynthesis. GPT2 is probably therefore functioning in a signaling role, perhaps affecting the partitioning of sugar phosphates between the chloroplast stroma and the cytosol or shifting the phosphate balance of the cell.
The ability to acclimate varies not only between species (Murchie and Horton, 1997) but also, as shown here, among different accessions of a single species, Arabidopsis. This variation suggests that in addition to the advantages observed here, the ability to acclimate must carry with it some cost. The nature of that ] cost is not yet clear. It may be that for some species, e.g. fast-growing ruderal species, more efficient acclimation is achieved by developing new leaves. For plants from particularly extreme environments, development of stress-tolerance traits may be more important than optimizing photosynthesis. The observation that the widely used Col accession is unable to acclimate may reflect the history of this particular accession, rather than the source ecotype. Col does express GPT2 at least to some extent (Niewiadomski et al., 2005) ; however, this does not result in a dynamic acclimation response (Fig. 1A) , suggesting that Col is impaired in acclimation downstream of GPT2. This needs to be borne in mind when reviewing work on Col examining acclimation. Since Col and Ws gpt22 both show a lack of dynamic acclimation and both show reduced fitness under naturally fluctuating conditions, we can conclude that the acclimation process is responsible for optimizing fitness in nature. That this effect is seen both in the gpt22 plants and in Col, where the GPT2 gene is transcribed, implies that it is not expression of the GPT2 protein per se that affects fitness. Across the two winters measured, there was a significant difference in seed production in all the plant types considered and this difference probably reflects the overall weather conditions seen. The 2008 to 2009 winter was markedly colder than 2007 to 2008, with a higher incidence of frost and snow, which may have impacted on plant growth. Nevertheless, the penalty associated with lack of acclimation was clear in both seasons. The lack of acclimation did not significantly affect the vegetative growth of plants and there was no consistent effect on time to flowering, but the resources partitioned into seeds were clearly reduced in the absence of acclimation.
If previously fully developed leaves are to acclimate, they must do so in the context of constraints placed upon them by the anatomy of the leaf (Oguchi et al., 2003 (Oguchi et al., , 2005 . Where changes in leaf morphology occur, as will be the case during developmental acclimation, the cost of producing thicker high-light leaves needs to be balanced against the benefits of the additional photosynthetic carbon gain (Oguchi et al., 2008) . In our experiments, however, dynamic acclimation responses were only occurring at the subcellular level (increased chloroplast number or changing chloroplast content), with there being no evidence of changes in leaf morphology of the mature leaves. In such cases, the metabolic cost of acclimation still needs to be weighed against the benefit gained and this may be related to the longevity of the leaf. Variation in, for example, extent of herbivory or other forms of leaf damage may be crucial in determining whether dynamic acclimation is beneficial. Comparing species or ecotypes, the plant phenology may also be key; for example, plants growing as spring ephemerals, with much shorter growth periods, may benefit less from dynamic acclimation.
Previously, the concept of dynamic acclimation has been poorly recognized and has not been shown to be distinct from other forms of acclimation. The data presented here show not only that it is a separate response from developmental acclimation but that it is a key determinant of plant fitness. The capacity to acclimate has not been systematically examined in crop species; however, the work that is available suggests that it may be limited. In our hands, barley (Hordeum vulgare) does not show dynamic acclimation (G.N. Johnson, unpublished data) and published work on rice has suggested that this response is only partial (Murchie et al., 2005) . These observations suggest that an appreciation of acclimation potential and possibly also selection for acclimation traits may be important in developing crops with improved yield that will be required to support growing world populations into the future.
MATERIALS AND METHODS

Plant Material
Seeds were sown on peat-based compost and chilled for 2 to 3 d to promote germination. Plants were then transferred to a growth cabinet (E.J. 
Measurements of Photosynthetic Parameters
Plant capacity for CO 2 fixation was measured on fully expanded leaves using a CIRAS 1 infrared gas analyzer (PP Systems) with light provided from a Schott KL-1500 lamp. All measurements were performed in an atmosphere of 2,000 mL L 21 CO 2 . To measure chlorophyll, the same leaves were then ground in 80% acetone and chlorophyll estimated using the method of Porra et al. (1989) .
Microarray Analyses
At each sampling point, a single leaf was detached from each of five separate plants in each treatment and flash frozen to produce each biological replicate. Samples were prepared from three separate batches of plants, analyzed on separate microarrays. RNA was extracted using an RNeasy plant mini kit (Qiagen). The biotinylated cDNA produced from the total RNA of the nine samples was synthesized and hybridized to an Arabidopsis (Arabidopsis thaliana) ATH1-121501 (Affymetrix) oligonucleotide array according to the manufacturer's instructions. The arrays were read by means of an Agilent GeneArray scanner 3000 7G using Affymetrix GCOS (GeneChipOperating Software) V1.4. The technical quality control of the arrays was performed to check for outliers using dChip software (Li and Wong, 2001 ). The normalization and expression analysis was carried out using robust multichip average (Bolstad et al., 2003) . Principal components analysis using a covariance dispersion matrix was performed by means of maxdView (http://umber. sbs.man.ac.uk/microarray/maxd/maxdView/index.html). Differential expression was assessed with a modified t test on logarithmically scaled data using Cyber-T (Baldi and Long, 2001 ). Since there were three conditions, three Cyber-T tests were performed to cover all three two-way comparisons. Gene lists of differentially expressed genes were generated using criteria of Cyber-T P value less than 0.01, mean fold-change greater than 2, and mean expression level greater than 100 in one condition. The gene annotation used was derived from The Arabidopsis Information Resource (http://www.arabidopsis.org/). The Affymetrix chip analysis was performed at the Microarray Facility of the Faculty of Life Sciences in the University of Manchester (Manchester, UK).
Real-Time RT-PCR
Primers used in real-time RT-PCR were designed using Primer Express version 1.0 (Applied Biosystems). For a list of primers, see Supplemental Table  S2 . The resulting design primers, optimized for SYBR green assays, were BLASTed against genomic databases available at the National Centre for Biotechnology Information to verify the primer's specificity. All primers were purchased from Eurogentec. Real-time RT-PCR was performed with a Eurogentec one-step RT-quantitative PCR MasterMix for SYBR green I kit using an Applied Biosystems ABI Prism 7000 instrument. Data analysis was performed using the software ABI Prism 7000 sequence detection system version 1.7 (Applied Biosystems). Each sample was analyzed in triplicate with at least three biological replicates being analyzed for each data point. Expression levels were measured relative to three housekeeping genes: ACT2 (At3g18780), UBC (At5g25760), and CBP20 (At5g44200).
Isolation of gpt22 Knockout
A T-DNA insertion line (FLAG_326E03) was obtained from the Versailles T-DNA collection (INRA, Versailles, France; Samson et al., 2002) . Plants carrying a homozygote insertion in the GPT2 gene were identified using PCR with primers listed in Supplemental Table S2 . To verify that GPT2 expression was disrupted in the insertion line, plants were grown for 8 weeks at 100 mmol m 22 s 21 light and then transferred for 4 h to 400 mmol m 22 s 21 . Leaves were flash frozen under growth conditions and total RNA extracted as above.
Complementation of gpt22 Knockout
To restore photosynthetic acclimation in response to high light the gpt22 knockout was complemented using the entire GPT2 gene with 1.8 kb of upstream sequence to include native promoter elements and 0.4 kb of downstream terminator sequence. A 4.8-kb fragment was amplified from genomic Ws DNA using primers genomic-GPT2-F1 and genomic-GPT2-R1 (see Supplemental Table S2 ) with the Phusion PCR system (Finnzyme) optimized using the provided GC-rich buffer, 3% dimethyl sulfoxide, and 1.75 mM MgCl 2 . From this, a 4.5-kb fragment was amplified using primers attB1-GPT2-natP and attB2-GPT2-natT with Gateway adaptor sequences and first, BP cloned into pDONR201 (Invitrogen), and second, LR cloned into the binary destination vector pHGW,0 (Karimi et al., 2002) according to Invitrogen protocols. The construct was introduced to the gpt22 knockout by the floraldip method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101::pMP90. Transformants were selected for resistance to hygromycin.
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